Hydrophobic nanocrystals synthesized in nonpolar solvents by high-temperature thermolysis show attractive properties, such as tunable size with narrow size distribution, and low crystalline defect.^[@ref1],[@ref2]^ Among these materials, magnetic nanoparticles (MNPs), because of their unique nanoscale physical and chemical properties, have demonstrated prominent potential in biomedical applications, including magnetic resonance imaging (MRI),^[@ref3]−[@ref5]^ targeted drug delivery,^[@ref6],[@ref7]^ and hyperthermia for cancer treatment.^[@ref8]−[@ref11]^

Despite their success in biomedical science, the preparation of biocompatible MNPs is made difficult by the presence of a hydrophobic surfactant stabilizer on their surfaces. To solve this problem, many strategies have been developed to transfer the hydrophobic MNPs into an aqueous phase. One popular method is ligand exchange, in which small molecules are used to replace the hydrophobic ligand. The other is amphiphilic ligand encapsulation, which involves formation of a hydrophilic shell on the surface of MNPs. Unfortunately, the ligand exchange method is typically performed in two phases: MNPs in the hydrophobic phase and small molecules in the hydrophilic phase.^[@ref5],[@ref12],[@ref13]^ For example, dopamine hydrochloride has been used for ligand exchange on MNPs.^[@ref14]−[@ref16]^ However, because of the lack of solubility in nonpolar solvents, a two-phase system is needed. Furthermore, MNPs tend to aggregate when mixed with polar solvents. Thus, the exchange efficiency is typically low because of inefficient interaction between the MNPs and small molecules, and further aggregation may occur from the low exchange ratio. In addition, dopamine-transferred MNPs have poor biocompatibility as a result of poor solubility in biological buffers. Although scientists have tried various modifications, such as the addition of PEG, to the small molecules to improve the stability of MNPs, extensive organic syntheses are needed, which are time-consuming and labor-intensive, thus making the ligand exchange method more complicated. Amphiphilic ligand encapsulation is simple, but it may not result in stable MNPs by the noncovalent hydrophobic interactions, and additional organic syntheses are necessary as well.

To address these obstacles, we have developed a facile, high efficiency, single-phase and low-cost method to transfer hydrophobic MNPs to an aqueous phase over a wide pH range (pH = 3--12) using 3,4-dihydroxyhydrocinnamic acid (DHCA) in tetrahydrofuran (THF). As shown in Scheme [1](#sch1){ref-type="scheme"}, the surfactant stabilizer oleic acid was replaced by DHCA, which forms a robust anchor on the surface of magnetic nanoparticles via a five-membered metallocyclic chelate. The MNPs were then neutralized with NaOH to precipitate the sodium salt, which is not soluble in THF. The ionic form was then dispersed in aqueous solution at moderate concentrations. The resulting water-soluble MNPs were very stable over a wide pH range from 3 to 12 (Figures S4 and S5 in [Support Information](#notes-1){ref-type="notes"} (SI)). In addition, MNPs coated with DHCA can be robustly functionalized via the carboxyl group to form a peptide linkage with other amine-containing molecules, varying from small molecule dyes to oligonucleotides and even enzymes. Typically, DHCA without modification was dissolved in THF in a three-necked flask. Hydrophobic MNPs (27.6 ± 1.5 nm) were added dropwise at 50 °C and kept for 3 h at this temperature. Upon cooling the reaction mixture, NaOH (0.5 M) was added to precipitate the MNPs, which were collected by centrifugation and redispersed in water. The as-transferred MNPs were spherical and fairly monodisperse without aggregation, as shown by transmission electron microscopy (TEM) images (Figure [1](#fig1){ref-type="fig"}) and dynamic light scattering (DLS) (Figure S7, [SI](#notes-1){ref-type="notes"}).
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![TEM images of magnetic nanoparticles before ligand exchange in chloroform (A) and after ligand exchange in water (B). Scale bar is 200 nm. Solvent dispersity of MNPs (C) before and (D) after ligand exchange.](ja-2014-060324_0001){#fig1}

After ligand exchange, water with pH values ranging from 1 to 12 was used to test the solubility and stability of the as-transferred MNPs. MNPs aggregated when the pH was 2 or lower (Figure S4, [SI](#notes-1){ref-type="notes"}). When NaOH (0.5 M) was introduced to the aggregated MNPs (pH = 2) to raise the pH to 7, the aggregated MNPs dissociated and redissolved, and the soluble MNPs aggregated when HCl (0.1 M) was added to decrease the pH to 2 or lower (Figure [2](#fig2){ref-type="fig"}). Thus, the aggregation and dispersion of MNPs is reversible by controlling the pH.

![(A) pH-dependent solubility of MNPs and (B) schematic illustration of pH controlled reversible aggregation and dissociation of MNPs.](ja-2014-060324_0002){#fig2}

Isoelectric point precipitation (IPP) was introduced to explain the reversibility of MNP aggregation. IPP is the pH at which the net primary charges of a protein become zero, leading to aggregation because of reduced electrostatic repulsions. The IPP value for MNPs was experimentally determined to be 2 according to the solubility test above. To prove this hypothesis, the zeta-potentials of as-transferred MNPs at different pH values were measured (Figure S6, [SI](#notes-1){ref-type="notes"}). Consistent with the solubility test, the results showed that the zeta-potential of an MNP is −1.4 mV at pH 2. Addition of NaOH makes the MNP surfaces more negative, thus increasing the electrostatic repulsion between the MNPs and allowing them to be dispersed in water (Figure [2](#fig2){ref-type="fig"}B). Both TEM images and DLS results in water with different pH values indicate that the MNPs were monodisperse and stable for a period of several months. In addition, to test the stability of as-transferred MNPs, either phosphate buffered saline (PBS) or cell culture medium was used as solvent and no obvious aggregation was observed over a period of 3 months.

DHCA anions not only offer MNPs excellent water solubility but also provide a platform for further surface functionalization via the carboxyl group to form a peptide linkage with amine-containing molecules. Therefore, we systematically investigated surface functionalization with fluoresceinamine (FLAM), a DNA aptamer, and an enzyme. FLAM was chosen as a model small-molecule probe to test MNP surface functionalization because FLAM has an amine group which can form a peptide bond with the carboxyl group by 1-ethyl-3-(3-(dimethylamino)ropyl)arbodiimide hydrochloride (EDC)/*N*-hydroxysuccinimide (NHS) coupling to give emission at 519 nm. To rule out the possibility of physical adsorption, a control experiment was conducted with and without EDC/NHS coupling. Fluorescence measurements (Figure S8, [SI](#notes-1){ref-type="notes"}) showed that MNP and MNP/FLAM without EDC/NHS coupling do not fluoresce, while MNP/FLAM with the EDC/NHS cross-linking gives a significant fluorescent signal at 519 nm, indicating that FLAM was covalently linked onto the surface of MNPs, and that the carboxylated MNP surface could serve as a platform for robust biomolecule functionalization.

Having determined that the as-transferred MNPs are stable in biological systems, we next established their utility in biomedical applications. Amine-modified Sgc8 aptamer (ASAT) (see [Table S1](#notes-1){ref-type="notes"} for all DNA sequences^[@ref17]^) labeled with carboxytetramethylrhodamine (TAMRA) was used to modify MNPs based on EDC/NHS coupling and to test their binding ability to target cancer cells. In this study, we designed an amine-modified random oligonucleotide library labeled with TAMRA (ALT) as control to ASAT (Table S1, [SI](#notes-1){ref-type="notes"}). Selected from a large library by SELEX (Systematic Evolution of Ligands by Exponential Enrichment), aptamers are single-stranded oligonucleotides, which specifically bind to their targets (CEM cells for Sgc8) by folding into distinct secondary or tertiary structures.^[@ref18]^ Ramos cells, which are not recognized by Sgc8, were chosen as control cells. According to the flow cytometry histogram (Figure [3](#fig3){ref-type="fig"}), a large shift was observed for CEM cells, while only a negligible shift was observed for Ramos cells when treated with MNP-ASAT. For MNP-ALT, no obvious shift was observed for either CEM or Ramos cells. For target CEM cells, a slightly larger shift was observed for MNP-ASAT compared to free ASAT. This can be attributed to the multivalent effect of multiple aptamers on the surface of MNP-ASAT, thus resulting in enhanced binding affinity to the target cancer cells. Thus, the ASAT-modified MNPs have excellent binding ability on target cancer cells and can be used as specific fluorescence imaging agents.

![Flow cytometry histograms of CEM (target) and Ramos (control) cells incubated with buffer only, ASAT, MNP-ASAT, MNP-ALT, and ALT. The concentrations for all probes are 1 nM.](ja-2014-060324_0003){#fig3}

Protein enzymes, while being widely used because of their high biocatalytic activity, are limited by their low stability and low recycling capability. Nanobiocatalysis, whereby an enzyme is immobilized on a nanoparticle surface while retaining its biocatalytic activity, is of significant importance for industrial reuse.^[@ref19],[@ref20]^ Therefore, we conducted a facile and robust covalent enzyme immobilization on the MNP surface using alkaline phosphatase (AP) as a model enzyme (Scheme [2](#sch2){ref-type="scheme"}). The hydrolysis of *p*-nitrophenyl phosphate can be catalyzed efficiently by AP when pH = 9.8. The assay results (Figure S2, [SI](#notes-1){ref-type="notes"}) indicated that MNP-AP possesses excellent catalytic activity. A 10-round catalytic recycle of MNP-AP demonstrated that MNP-AP retains its catalytic activity after many uses, indicating that the as-transferred MNP is an excellent nanosupporter for enzyme immobilization (Figure S3, [SI](#notes-1){ref-type="notes"}).

![Covalent MNP Surface Functionalization with Alkaline Phosphatase](ja-2014-060324_0005){#sch2}

In summary, we have developed a facile, high-efficiency, single-phase and low-cost method for aqueous phase transfer of hydrophobic MNPs using DHCA and THF. Without any complicated organic synthesis, MNPs neutralized with NaOH show excellent water solubility and stability in biological environments, demonstrating that the approach is more cost-effective and labor-efficient than the traditional two-phase ligand exchange method. Moreover, we report the first hydrophilic nanoparticles with wide pH-range solubility and pH-controllable aggregation. The as-transferred MNPs with carboxylate can be readily adapted by further surface functionalization which is simple and robust. On the basis of these superior features, we believe that this method can be applied to other ligand exchange methods for nanocrystals, such as quantum dots and nanorods, and that the as-transferred nanoparticles will find widespread application in nanobiotechnology.

Detailed synthesis and characterization of hydrophobic magnetic nanoparticles, phase transfer, surface functionalization and detailed experimental procedures. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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